We present a systematic study of a close-ring pair based freestanding metamaterial fabricated by double-layer, self-aligned photolithography. Terahertz time-domain spectroscopy transmission measurements and numerical simulations have revealed negative index of refraction in the frequency range of 0.66-0.90 THz under normal wave incidence. The observed resonance behaviors can be well explained by a theoretical circuit model. The electromagnetic properties and the figure of merit of such close-ring metamaterials are also explored in terms of geometrical parameters of the unit cell with a goal of providing optimized design for three-dimensional metamaterials and potential device applications.
Introduction
Negative index metamaterials (NIM) have attracted enormous interest in recent years due to their unique responses to electromagnetic radiation that were mostly not found in natural materials [1] . Such metamaterials have become an excellent platform for demonstrating unusual electromagnetic properties, thus leading to unique applications, such as superlens, cloaking, antenna, and sub-wavelength photolithography [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Although the concept of NIMs has existed for several decades, actual metamaterials were not experimentally demonstrated until recently. The original proposal and subsequent implementation for a practical NIM composed of conventional metallic wires, split-ring resonators (SRRs) and their variations [11] . The SRR-Wire composite was proved to be simultaneously negative in both permittivity and permeability with an overlapping electric and magnetic resonances [12] . In recent years, resonance frequencies of metamaterials have been extended from microwave to terahertz and visible regimes. Meanwhile, to improve the performance of metamaterials and to broaden their potential applications, numerous structures have been proposed and investigated either for in-plane or normal incidence [13] [14] [15] [16] [17] [18] [19] [20] , such as fishnet [13, 14] , rod pairs [15] , crosses [16] , and "dog bones" [17] [18] [19] . In addition to these structures, close-ring resonator has recently attracted researchers' attention for being an interesting candidate of metamaterial unit cell. In particular, negative index has been demonstrated at far infrared in a single-layer close ring metamaterial [21] . Compared to SRRs, the close rings have a two-dimensional (2D) symmetric character and less complicated fabrication processes. However, such structure only showed a negative index at in-plane incidence [21] . It is thus important to exploit its resonance properties at normal incidence, which is essential for three-dimensional (3D) metamaterial and device applications.
In this article, we present a freestanding metamaterial comprised of pairs of close rings resonating under normal wave incidence. The samples were fabricated by self-aligned photolithography on a flexible dielectric polymer. With terahertz transmission measurements, comprehensive model calculation, and a full-wave simulation, we demonstrate that the closering pair (CRP) geometry exhibits negative index of refraction at terahertz frequencies. Furthermore, we show that the electromagnetic response properties of the CRP structures can be efficiently controlled by varying their geometrical parameters. Figure 1(a) illustrates the schematic of a CRP unit cell. An h = 22 µm thick isotropic Mylar film is sandwiched between an aligned pair of square close rings of 200 nm thickness. Under electromagnetic radiation, the opposing ring pair, as well as the adjacent rings in the same plane form a composite LC-resonance circuit. Besides its 2D symmetric character, CRP was chosen as the unit cell because the coupling between adjacent rings in each plane of the CRPs makes an additional and important contribution to their resonant properties [22] , which is in contrast to the cut-wire pair structures. The samples were fabricated by a modified selfaligned lithography for double-layer process [4] . We chose commercially available Mylar film as the spacer because of its transparency in both terahertz and visible regime, thus enabling the unique self-aligned photolithography fabrication. Moreover, with a 22 µm thick Mylar spacer, the samples are not only freestanding but also flexible, which is very useful for many applications. The fabrication process is as follows: a layer of Al close rings was first patterned on Mylar by conventional photolithography using positive photoresist followed by metallization and lift-off process. The resulting ring pattern was subsequently used as a photomask to create an identical structure on the other side of Mylar with a negative photoresist, and followed again by lift-off process, thus establishing the final CRP structure. 
Metamaterial structure

Transmission results and analysis
Experimental results and simulation
Transmission response of the CRP metamaterials was characterized under normal incidence using an photoconductive antenna based terahertz time-domain spectroscopy (THz-TDS) system [23, 24] . The solid curve in Fig. 1(c) shows the frequency-dependent amplitude transmission of a CRP metamaterial with distance between two adjacent rings 4 = d µm. Compared to the ring array (dashed curve) patterned only on one side of Mylar, the CRP metamaterial reveals a new resonance peak at 0.69 THz while the stop-band valley near 1.0 THz becomes broader. Such resonant properties are well reproduced by numerical simulation (dotted curve). As shown in Fig. 1(a) , the anti-symmetric current in the ring pair, induced by the incident magnetic field in the dielectric spacer, together with the displacement current between them form a loop and result in negative permeability at the resonance frequency. Thus, the combination of the negative permittivity, indicated by the wideband valley in the transmission response of a single layer of rings (dashed curve) in Fig. 1(c) , and the negative permeability may lead to negative index of refraction near the resonance peak. With increasing number of CRP layers, the peak resonance exhibits an improved contrast though the absolute transmission amplitude decreases due to material loss, as shown in Fig. 1(d) . We note that the misalignment between the different CRP layers does not significantly influence the resonance behavior. Thus this poses a very robust design towards building a bulk metamaterial. 
Parameters retrieval
Retrieval of the effective parameters requires the knowledge of the complex coefficients of both transmission and reflection. However, we could not obtain a faithful measurement of the reflection due to the flexible nature of our samples. Nevertheless, the almost perfect match between the measured and simulated transmissions (see Fig. 3 ) gives us the confidence to use the simulation results for the retrieval. Figures 2(a) and 2(b) shows the retrieved real and imaginary parts of the index of refraction n and the impedance z of the CRP metamaterial [16, 25] . The S11 and S21 parameters were obtained by the simulation of a single layer of CRP sample with 25-µm air spacers both in front of and behind it. At 0.69 and 0.76 THz the index of refraction approaches −2. 
Analysis
To systematically explore the resonant behaviors of the CRP structure, we have fabricated a set of CRP metamaterials with various geometrical parameters. Apparently, modification in their geometrical dimensions results in extensive frequency shift and amplitude modulation at the resonance, as shown in Figs. 3(a) , 3(c) and 3(e). The transmission peak blue-shifts with decreasing length of the ring l and increasing wire width w. With increasing periodicity (also the gap between the adjacent rings), the peak blue-shifts as well but becomes less pronounced. According to surface current and electromagnetic field distribution, the resonance is largely determined by two factors: magnetic response between the two sides of CRP and the near field coupling between adjacent rings on the same side. In Fig. 1(b) , we illustrate an effective circuit model of the CRP unit cell to further investigate the influence of geometrical parameters [22] . Here, the magnetic response is modeled by a microstrip loop across the two sides of the CRPs in the propagation direction and a coplanar line loop is used to represent the coupling between the adjacent rings at the same surface, respectively. The inductance and capacitance in the microstrips that are responsible for the magnetic response are denoted as m L and m C , respectively, while the capacitance e C refers to the near field coupling coefficient between the adjacent rings on the same surface. The magnetic resonance frequency can be predicted as The decrease in l results in a linear decrease in m L , m C and e C , thus explaining the blue-shift behavior shown in Fig. 3(a) . The width w , as shown in Fig. 3(c) , has an extensive effect on m L , m C and e C with an overall result of blue-shifting the resonance frequency with increasing w. Figure 3 (e) reveals the importance of the separation between the adjacent rings through its effect on e C . In contrast to in-plane incidence, when the lattice dimension is increased, the resonance frequency is blue shifted and the peak is less pronounced [21] . In . While l and w strongly influence the FOM, the periodicity or the gap between the adjacent rings is found to show much less effect. Namely, the FOM can benefit from a reduced length and an increased wire width. At 20 = w µm,a FOM of up to 9.72 is obtained, which is among the highest values for the existing terahertz metamaterials [16, 17] .
Conclusion
In conclusion, by use of self-aligned photolithography, THz-TDS, and numerical simulations, we demonstrate a freestanding negative-index metamaterial resonating at terahertz frequencies. Particular attention has been paid to the impact of geometrical parameters of the proposed unit cell on resonant behaviors and figure of merit. The flexible texture, straightforward fabrication process, and interesting resonant properties of the CRP geometries are promising in developing 3D terahertz metamaterials and metamaterial-based terahertz components.
